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ABSTRACT
The design and performance of a comb filter used as an aid in aural
detection of tones in nolse are described. The comb filter has pass bands 31
cps apart, extsnding from 200 to 3500 cps. The width of the pass bands are
ad justable down to 2 cps. The spectrum is aurally monitored for the presence
of a tone wnile the signal is hesterodyned with an oscillator whose frequency
is varied linearly with time. The comb filter is synt..asized using a delay

medium with external electrical feedback., The delay is provided acoustically

in air in a copper tube., Laboratory listening tests, of a l-kc tone in white
noise, show an improvement of 7.5 db in signal threshold when the comb filter
is used, as compared with naked-ear detection. Spectrograms are pressnted
(made from USNUSL recordings) showing the use of the comb filter in enhancing
tones raciated by the U33 TUSK and ths USS HALFBEAK. Tests mads 2t eas (Sub
Dev Grp Two) aboard the USS HALFBEAK with the K-1 as a target are discussed.
An analysis of a system designed to detect the modulation of vro-
peller cavitation noises is made. The method ronsists in square-law rectifica-
vion followec by detection of a resulting tone at the modulation frequency.

For a signal 6000 cps wide and 10 seconds long it is shown thnat & S-2% redus-

PSSR At

tion in threshold over naked-ear detection may be attained., Additional imsrovws

ment in threshold may be obtained by longer observation of the slignal, but

£
c
Q
f
¢

1.2 db is realized for every doubling of observation time.
A general search problem consisting of detectioc: of a tone in ncise
in a given length of timo is discussed. The frequency of the signai is assumed
to be unkmown, but between certain limits, The increase in :zignal thraeshold due
to uncertainty of the signal freguency is evaluated for an ideal detecticn system,
==
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(The ideal detection system is taken as one consisting of a bank of contiguous
band-pass filters cf bandwidth equxl to the reciprocal of the signal duration,
1'he amplituds of the envelopes of the filter outputs are used as the basis of
detection), It is found, for example, that the SO% threshold of detection for
a gystem requiring-; thirty fillers (to cover the range of poss.ible_ signal fre=
qu encl.e’s) is 3=3/L db higher than the t.t__lreshold"for the single-filter system

which may ‘oe"used ﬁhe'n the_ signal frequéﬁny is knovm Tests with a;n-al detec=
tion are reported w‘ﬂ ch show that _‘.“_;”,G‘,% T;bzeshold is 2=3/h db -higher when—

the s1gnd frequenc may an;vwhen: in: the c(}ﬁ» ta 1400=cps band than when

" the signal frequer_xcy is_known to the;_:_a:sergars :1n-‘_advangen- _gng_)grisons are

_draurf_-.l;e‘tweenr amaJ_. ’r;hresholds and thosé'attainable with..lthe' ideal "systeni under
the sume conditions. & mnd_f“ma‘b* oa oz the idsal system us:mg fewer filters

is found to be aimost as good 23 the idsal system. A signal threshold 12 db
" lower than aural threshold may be realized with a modified ideal Wst_em AT
detection of a tone in é_band of white noize I 00 cps ﬁidé with five seconds
o8 enasrvabion Kines T | | -

- Use of frequency mult,‘-.plic.a‘-:-}xon foliowed by analysis with a Si_ngle
scanning filter as a substiiute for the ase of “he great many filters required
by the ideal gysiem is di.scussedo A maans -35.‘. frequ.ncy multiplying using a
recording medium, without changing the speed 3f the recording medium, iz des~
cribed, with application of this msthod to detection of tones in ncise.

7 Oscillograms ece presented showing detection of tones in noise with
a frequeancy-scanning anslyzer as & f_u;icticfi of the signal-to-noise ratio., The
parameters of séanning rate and“i-‘:".lt‘er bandwidth ares discussed.

The dynamic range, and difievential intenszity sensitivity a fac-

simile recorder are measured to determine its usefulness as a spectrum plotter.

.-
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FINAL PROGRESS KEPQRT

RESEARCH PROGRAM
ON
NOISE MITIGATION IN SONAR II

PART I

P

SECTION A - INTRODUCTION

1. Background

1. This project is a continuation of the "Research Program on
Noise Mitigation in Sonar", (Contract NOar-142{00), Task Order NOnr-1L2(Ol),
which was initiatea in August 1950 and completed in November 1951 (Ref. 1).
The objective of the original research program was to study means of lowering
aural thresncids in passive listening systems. As a result of these studies
a laboratory model of a comb filter was built which reduced the threshold of
dstesticn of tone signais in white noise by 6.8 db (Figure 1), A specisal
volume expander was bullt for the snhiancement of modulation on propeller cavi-
tation. Experiments were made to investigats the use of frequency multiplica-

vicn &z & means of signal=tc-noise improvement and to evaluate binawral listen-
ing as an aid in detection,
2. Purpose

2. The purpose of this project has been to continue work on the comb
filter and build a model suitable for test at sea. The research phase has been
continued, with a study of the detection of prepeller cavitation (which has led
to the develdpment of a device for detection of modulation of propeller noise
for the Bureau of Ships ~ Contrect NObsr-52605), an evaluation of the effect on

si gznal threshold of uncerteinty in the signai freavency, and a acetermination of

-3 -
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thresholds for certain ideel dclection systems.

SECTION B ~ GENERAL FACTUAL DATA

1., Identification of Techricians

3. The names and experience of the ‘tecrniciacs who Lave worked oo
this project are:

8- Ha (.'o Di TO!'O

Division Head
Borng 1910
Education: EB, Polytechnic Instatute of Brooxlyn, 1931
MEE; Polytechnic Institute of Brcoklyn, 1333
n. Engo, Polytechnic Institute of Brooxlyn,
124
Licensed Professional Engineer, New York,
New Jersey

Frofessional Exver—ence:

1934-19L). Research Acoustical Engineer,
Thomas A. BEdison, Inc,

19L1-1946 Sr. Electrical Bnginser,
Hazeltine Rlectronie Corp.

1916-1247 Assisga?tglgizig:or, lﬁ.crora?uve i{g-
gearch Iu Polytechnis In-~
stitute of Brcoldyn

1547 june Division Head, Federal Tele-
15¢€? cormunication Laboratsries,
Adjunct Professor of Elsctrical
Engineering, Graduate School;
Brocklyn Polytecraic Institute

b. W. Orahsm

Pro ject. Enginser

Borns 192k

Education: BS in ME, University of Wisconsin, 19L);
BS in EE, University of Wisconsin, 1947
Craduate Work, Polyiachnic Institute of
Brooklvn 1947-present,
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Professional Expsrience:

1945 Instructor, radar, USNATTC;
Corpus Christi, Texas

15L7 Instructor, mathematics, U. of
Wisconsin

15L7-Date Project Engineer, Federal
Telecommunication Laboratories

H. H. Anderson

Enginser

Born: 1911

Educatior: BS in EE Rutgers University, 193L
MS in EE Cclumtia University, 1936

Professional Experience:

1934-193¢ Gas Analyst, Standard 0il
Co. of N. J.

1936-1937 Mathematics Instructor, Board
of Education, Elizabeth, N. J.

1937-1938 Ass't. Instructor, Columbia
University

1939 Testing Electrical Devices,
Underwriters Test Laboratory

19L0 Circuit Breaker Analysis, ITE

1yLG=194Yy Magnetic Mine Program Bureau
of Crdnance, Navy Department

19LL=19LE Servo-Mechad suw, Curtiss-Wright
Corp.

19L5-Data Math, Analysas, Federal Tele-
communication Laboratories

G. Greenfield

Junior Engineer
Born: 19?9
Bducation: BEE, City College of New York, 1951

Professional Experience: ¢
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i951-Date Jr. Engineer, Pederal
Telecommunication Laboratories

e, J. M. Pressler, Liesutenant, U.S.N.

Born: 1920

Bducations BS, United States Naval Academy, 19LL
Sprci&l Weapona School; New London, Conn.,
A94L7
BS in EB, U.S. Naval Post (raduate School,
1951

Professional Experience:
~9LL-19L® Duty in Submarines

12u6 Submarine qualification
certificate
- 1062 Worked for three months at

Federal Telecommunication Labora-
tories in connection with duty
at the U.S. Naval Post Graduate
School

f. S. M. Schreiner
Sr. Engineer
Born: 1926
Edusation: BEE; Polytachnic Institute of Brooklyn, 1948
Oradusts Work -~ Polytechnic Institute of
Brooklyn at present

Professional Experience:

1942-194l; Polytechnic Institute of Brooklyn,
Latoretory Assistant

1946 USKATTC ~ Instructor.in Radar
isL? Hazeltine Elsctronics - Technician

1948-Date Senior Engineer, Federal Tele-
comnunication Laboratories

2. Time Statement

L. The nours spent by these technicians on this project were:

~6~
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M. J. T. Toro 28s
W. Grahan 1200
H. H. Anderson 1160
G. Greenfield 18L5
J. M. Pressler 576
S. M. Schreiner Los

3. Outside Activity and Cuntacts

5. On 24 October 1951, D. C. Lookingbill and R. G. Stephenson of
the Scund Branch of NEL, and on 31 October 1951, M. E. Brady of the signal
Enha'icement Sact.ion of NEL, visited these Laboratories. On both of these
occasions the work that had been done to date on this project was discussed.

6. On 29 and 30 October 1951, two members of this group attended
the Fourth Navy Symposium on Underwater Acoustics at Willow Grove, Pennsylvania,

7. On 7 November. Lt. Comdr. E. D. Schrader and Mr. R. E. Ankers of
BuAir and Mr. H. P, Duffy of Hazeltins Rlectronics visited these Laboratorise.
The significance to the Sonobusy vrogram >f the work being done at Federal on
gignal-to-nciss improvement and aural displays was discussed.

8. On 20 November 1951, Dr. E. V. Potter of BuShips visited these
Laboratc.-ies and discussed the work beiug done on this project.

9. On 26 November 1951, W. Qraham of these Labcratcries attended the
conference on Submarine Target Classification held by the Commit.tee on Underseas
Warfare of the National Research Council,

10. On 1L Janusry 1952, Dr. M. J. ™ Toro and W. Qraham, of these
Laboratories, and Lt. J. M. Pressler of the U. 3. Naval Post Graduate School

went to sesa aboard the USS (ROUPER from the New London Submarine Base to test

7=
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the volume expander deacribed in the Final Progress Report on the first phase of
this contract - Task Order NOnr-142{01)., The ues of the volume expander was dis-
cussnd with Capt. E. T. Hydeman and Comdr., J. T. Webster of Sub Dev Grp Two.

11. On 28-30 April 1952, the comb filter and ths frequsacy sultiplier
developed on Contract NObsr-5260(% wers given preliminsry sea tests sboard the
USS HALFBEAK with the SSK-1 as 3 target.

12, M. J. Di Tero and W. Graham presented a paper; "Signal-to-Eoise
Improvement in Underwater Listening,* at the Fifth Syrposi.un on Underuat;er
Acoustics which was held 5, 6 May 1552 at tks Naval Research L;boratoryo The
paper will appear in the Journal of Underwater Acousties.

13. W. Graham attended the Seventh  Undersea Symposium held 1£, 16,

May 1952 at the Depertant of the Interior, Wasimington, D, C.

;. Further tests wore made at USNUSL on 22, 23, May 1952, with tape
recordings of USS HAIFEEAX gelf-noise, =nd a range run of the USS TUSKX. These
experiments, and the ses tests are described below.

Lo Acknowledgment

15. We wish to thank the persomnsl at various Navy activities for
their co-operation in the course of this work; particulerly, Wr. John Ide eand
Mr. W. F. Saars of USNUSL, Capt., E. T. Hydeman and Comdr, H. B. Sherry and
Comdr, Mitchell of Sub Dev Grp Two, and Comdr. John Geyer of (MR,

SECTICN C - DETAIL FACTUAL DATA

1. Dstection of Tones in Neimse.lsing a Comb Filter

a, Design of Comb Filter

16, Fletcher (Ref. 2), who fcrmulated the concept of "critical bandwidth,®

found that noise cutside of the criticai bandwidth wss ineffective in masiking a

=8=
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tone in the center of a "critical band",; and that use of a filter narrower
than the critical bandwidth lowered the threshold of such a tone. An improve-~
ment of ebout 2 db per octave of bandwidth reduction is realized.

17. The comb filter, as applied to aural detection of tones of un-
certeain frequency, is :zed to achieve the recuced vhresholds possible with
very narrow filters without the excessive increase in search time occasioned
by the use of a single narrow-band-pass filter. The comb filter (see Figure 2)
consists of a number of narrow~band-pass filters (teeth) which are spaced so
that there is no appreci.ble masking of a signal in one pass band by noise in
adjacent pass bands. The frequency range of the unit is 200=3500 cps. The
time required to search a spectrum for a signal as compared to the time re-
quired for a single filter is reduced by the number of teeth in the comb filter.

18, A comb filter may be synthesized by the use of a delay line and
external feedback (see Figure 3). Signal frequencies are fed back to the input
of the delasy line, but they are in phase with incoming signals only for those
frequencies which are integral multiples of 1/T, where T is the delay time of
the line. Consequently, resonant peaks are establishad at those frequencies.
The bandwidth of the teeth is determined by the net circuital gain (AX) around
the feedback loop.

19. The chief determinants in the design of the comb filter are the
spacing between teeth, the banduidth of the teeth, and the searching time.

20. The choice of intertooth spacing is a compromisze between maximum
signal-to-noise improvement and minimum scanning time, since placing the teeth
clogser together to reduce the scanning time eventually resuits in mutual masking,

Where the critical bandwidth is 50 cps; tooth spacing of 25 cps is adequate since

e
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it places each tooth in the center of a SO-cps band. Where the critical band-
width i8 wider, as above 60U cps, spacing as little as 25 cps would cause somes
masking; therefore, 31 cps spacing was used in the final model.

21, The bandwidth of the individusl teoth should be made as narrow
as possible to eftfsct the maxdmum signal--to-noise improvoment, subject also to
limitations imposed by scanning time. ®Rxperience has shown that a minimmm of
three seconds <hould be allowed for detection in each part of the spectrum so
that 18 seconds are required for scanning with tooth widths of 5 cps and inter-
tooth spacing of 30 cps. In the ccmb filter built, the bandwidth has been made
ad justahle, down to about 2 cps over part of the spectrum, The bandwidth 1is
varied by adjusting the amount of feedback "A™ (see Figuré 3). "A" may be in-
creased to where the product AX is closs to unity and the system goes into
oscillation. The comb filter may be tuned marually for slower scanning rates,
The relations among tooth width, peak-to-valley ratio, and loop gain AK are
shown in Pigure L.

22. An acoustic delay line wss used (Figure 5). A 37-1/2-foot length
of 3/L-inch copper tubing was coiled into a cylinder 12 inches high and 12-1/2
inches in diameter. This pipe lengtiu at an ambient operating temperature of
209C results in a delay of 32.2 millissconds, giving a UT%E? = 3l-cps spacing.
The pipe was ported (Figure 6) to reduce acoustic radiation and pickup.

23, The drive unit is a University LLOl Tweeter, rated at six watts.
The piccup unit is an Altec-Lansing 21b condenser micropnonn,

2h. Because attenuation in the pipe varies as » function of frequency,
(Ruf. 3) the delay unit must be squalized. For a given bandwidth the amount of

equa’ization {the difference in attenuation at the ends of the band) is less at

=10~
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higher frequencies than at lcwer frequoncies., On the other hand the amount
of attenuaticn in the pipe becomes prohibitive at very high frequencies. A
compromise, using the band L to § kc, was made. The input signal (200=3500 cps)
is hsterodyned to this rangs by the modulator described in the next section.
The frequency responges of the equalizer; and the mnequalized ai. aqualized
delay line are shown in Figure 7.

25. The circuit of the delay line and feodback loop are shown in
Figure 8. Yor the sake cf gain stability, a voltage-regulated power supply
and considerable negative feedback have been used in the loop determining the
bandwidth of the teeth in the comb filter.

b. Spectrum-Translating Modulator

26. The function of the spectrum-translating modulator is to shift
the input spectrum to the frequency range of the comb filter, and to scan the
input spectrum back and forth before the tseth of the comb filter so that =
tons in the input is certain to fall in one of the pass bands of the filter
during part of the scamning cycle.,

27. This is accomplished by modulating a variable frequency carrier
with the input spectrum, selecting the upper side band, and deno'dulating with
the same carrier afver passage through the comb filter. The circvit of the
comb filter and modulator is shown in block form in Figure 9 and its action
in the frequency domain in Figure 10,

28. The modulation is accomplished by the use of double-balanced ring
modulators, similar to those used in carrier-current commmication systems
(Ref, L). When a carrier of frequency ¢, and a signal of frequency v are applied,
the output contains compoments of the formgc ¢ v, ¢ - v, ¢, and higher-order

-u.
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distortion products. The band-pess filter shown in Figure 11, is used to
separate ¢ ¢ v from the other asignals. The component ¢ is small and is called
Vhe residual carrier lssk. It is made small by prcper proportioning of twe
reaistances in the medulator to compensate for unbalence in the wodulator
elements. Th. distortion products are of the tcrm ¢ £ 3v, and ¢ 2 Sv, some
of which fall in the selected band ¢ 4 v. By & proper choice of operating
frequencies ¢, the presence of these components can be minimiged. This was
one of the reasons for choosing L kc as a carrier frequency. (The reader is
referred to IER Kos. 1 and 2, of this project for firther details.)

29. The carrier for the modulators is wupplied by an RC phase-shify
oscillator; {Ref. 5) «t a nominal frequency f, of L kc. With the values
chosen, f, varies linearly with the change in a control resistance at the
rate of 21 cps per kilohm, provided the total change is kept small. Actually,
at this operating point; a range of several hundred cycles pe:r second is possible
without affecting the linsarity appreciaoly. (See Figure 12.)

30. The method of varying the frequency makes use of a nonlinear
elemsnt, nmade by CGemaral Elsctric, called Thy.ite {(Figure 13). This two-
temix’a.l device has a variational impedance which deapends on the d-c control
voltage impressed upon it., By a proper cholse of operating pointe, & linear
relation between control voltage and dynamic resistance is obtained. By maldng
the control voltage of the form shown in Pigure 12, a similsr variation of
ogcillator frequency is obtained.

31. The control voltage is obtained by integrating the square-wave
output of 1n astable muitivibrator (period = 34 ssc). The integrating nat.
work consists of a ten-megohm resistance and the input capacity of a GAUS

-12-
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amplifier., The gain is about 2L and ths capaciiy between piate and grid has
been made one microfarad, resulting in an input capacity of 25 microfarads.
The resulting 250-second time constant is roughly 1l times the half period
of the square wave, resulting in good linearity.

32, Further details of the circuit of the oscillator and modulaver
can be found in Figure 14A. Most of the circuits are straightforward and
need no explanation, However; a few words will be said about the variational
impedance circuit. In order to induce a change of 3l cps; a change in resis-
tance of 1620 ohms is required. The dynamic characteristic of an appropriate
Thyrite sample was measured; and the cperating point selected in accordance
with the best possible linearity and greatest slope. The process of obtain-
ing the proper driving voltage for the integrator and the proportioning of
the cathode resistances were purely matters of experiment. The two-henry choke
was added to preven%t the 180C~ohm cathode resistor from affeacting the total
impedance of the variational system.

33. One more method of rezistance variaticn was mede available.
Rather than use automatic scanning, the operator can switch to a manual cantrol,
the full range of which correspnnds to the range of resistance varis*tion of
the Thyrite.

3. The circuit of the input stages of the unit is shown in Pigure
14B. An inset on the drawing shows the compononts of the two filters and the
moduiator,

o. Mechanical Details of Comb Filter

35. The circuitry was mounted inside the cylinder formed by the delay

line, The power supply was mounted on a circular piaute at the tottom, The

=13-
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additicnal units were mounted or. three chassis anid placed vertically inside
the pipe. Pigure 15 shows a top view of the encased delay line and power
supply. Brackets were installed along the wall of the pipe for the purpose
of gulding the chassis into their connecting sockets., Figures 16 and 17 show
additional views of the comb filter,

36. The plug-in units are shown more clearly in Figures 18, 19, 20,
and 21. Separate terminal strips were used for all components.

d. Experimental Results

(1) Listening Tests - Tones in White Noise

37. The laboratory listening tests were run as follows.
The observers heard twenty-five 10-second groups per test. Each group con-
sisted of four seconds of noise alone, five seconds of noise with which a l=kc
tone had been mixed, and one second of siience. In the five-second interval,
the tone was set at various levels of intensity. In seven o1t of the twenty-
five cases no tone was sent, in ‘order o check for commssive errors (a tone
imagined where there was none),

38. The experimsntal arrangement for these tests is shown i block
form in Pigure 22,

39, The test situation differed froa a practical search situation
in the absence of ths carrier-frequency variation. In order to insure that
the tone frequency coincided with the center of one of the comb teeth, the
noise was twrned off between tests and the output of the filter peaked at
the signal frequency by varying the carrier frequency.

L4O. Since the only significant noise energy is that contained in a

critical band, a band-pass filter, centered at 1 kc, was used with a VIVM to
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metor the input to the comb tilter. Periodic checks were made to insure that
the rms noise level in that band and the tone level were set at an aqual vol-
tage with 45 db of tone attenuation as an arbitrary reference level.

| 41. The results of thiz tast are shown in Pigurs 23, The dotted
lines indicate one standard error at each signal level. At the 50 per cent
RD level, an improvement of 7.5 db in threshold was noted. AL LS db (s/n = 1),
a 92 per cent RD was attained, for the nsked ear.

L2, However, it has been found experimentally that a 50 per cent RD
results when the signal and noise energy are equal in a critical band. Tkis
discrepancy is explained by the fact that the critical band width at 1 kc is
only 63 cps while the bandwidth of the measuring system was 86 cpe.

(2) Tests With Recordings of Submarine Sounds

L3. The comb filter was taken to USNUSL on the 22, 23 May

1952, where experiments were conducted with recordings made by the USNUSL Record-

ing Section,

LL. The results from a run of the USS TUSK taken aboard tue USS FLYING
FISH are shown in Figure ¢h. Actu2lly the signals are detected aurally but for
purposes of presentation spectrograms taken with znalyzers of bandwidths com=
parable to that of the critical bandwidths of the ear serve to show the per-
formance of the comb filter., For purposes of ectual detection. the time re-
quired to take such a spectrogram with the equipment used would be prohibitive,

L4S. Spectrum A is taken directly frcm the recording with the analyzer

bandwid*: set at 20 cps. Since the bandwidth is less than the critical bandwidth

of the ear any audible tones will show up in the spectrogram. The only peak of
significant amplitude is found at 120 cps and this was identified as self-noise,

-15-
CONFIDENTIAL
Security information



GONFIDENTIAL
Security lnrfcermation

In spectrum B the output of the comb filter is oresented (with 20=cps analyzer
bandwidth) with the comb filter tuned awrelly 4o the 120-cps tone. It is seen
that the tone is raisesd about 5 db more above the level of other components,
in spectrum C the comb filter has been retuned aurally to bring out othsr tones,
which; in this case are not audible without the comb filter., Two of these
appear for the same set*ing of the tuning,; at 490 and 800 cps. They are raised
about 6 db sbove the gensral spectrua level,

46, Spectrograms tsken from reccrdings of self-noise made aboard the
USS HALFBEAK while hovering are shown in Figurs 25. The spectrograms on the
right, with a £0-cps analyzer bandwidth, are indicative of what may be heard,
The spectrograms on the left; made with a 5-cps bandwidth, illustrate the
improvement pcssible with narrow-band filtering. The upper spectrogram on the
right shows possible tones at 340 and 370 c¢ps. The spectrogram of the actual
signal made with the S-cps bandwidth shows tones at 120, 260, 370, and 520
cps;, The two signals through the comb filter with the S5=cps analyzer show
the individual teeth in the comb filter. In spectrum B the tones at 270 and
500 cps ars apparen%; and in spe-ﬁrmn C the tuning is such that the 370-cps
tone is passed. In spéctru_m B with & 50=-cps filter no t.on;s are visible other
than those deteétible without the filter. In spectrum C; on the right;, the
270-cps tone i3 raised above the noiss by the comb filter.,

(3) Test at Sea
L47. During 28-30 April 1952, the comb filter was taken

aboard the USS HALFBEAK with the K-l acting as a ta.rge'trpart of the tims, With
ths X-1 snorkeling no tones were audible over the JT equipmant’ since screw noises
predominated, Therefore, the comb filter was not usemi.; When imbh borts wers

16
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quiet, numerous ‘cnes were heard, using the comb filter, but the operators
unable to separate self-noise from target sounds with certainty, The results
were also influenced by the fact that the HALFBEAK operated below the thermo-
cline for safety reaaons, The conclusicn diswn from these tests was that some
type of recording device should be uszed to aid the oparator in distinguishing

his owu boat noise frem target sounds,

2. Detection of Modulated Wide-Band Signals

L8, Work on the problem of detectirg modulated cavitation noise
during the first year of thic contract centered around the use of a volume
expansion technique. This process was based on the fast that ths difference
limen of the ear for noiss intensiiy is about 0.4 db (Ref. 6) while the in-
herent fluctuations in the nolse are only about 0,1 db for a 3000-cps band
in an analogous electrical system having the same build-up time as the ear
(Ref. 1, p. 19),

k9. Therefore, it wzs felt that enough volume expansion would, by
anhancing the depth of modulation,; reduce the limiting factor in detection to
the statistical nature ¢f the noise rather than to ths properties of the ear.

50, The volume expander built at thess Lavoratories used a square-law
rectifier, followed by a posidetector filiter stiraddling the expected band of
modulation frequencies (1-15 cps). The output of the filter was used to vary
the gain of the signal. Although facilitating turn count at high signal-to-
noise ratios, no improvemsnt was noted at signal threshold. Furthermore, in
work done on this problef for BuShips (Contract NOber-52605,) no improvement
was found over naked-sar threshold until the postdstector bandwidth was reduced
from 15 cps to 1 cps. At 0.15 cps, an improvement of 6 db at 50 per cent RD was

«l7=
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found (Ref. 7). This indicated that the output! of the postdetector filter
in the original volume expander contained too much noise to effectively vary
the gain,

S1. The success of the method, then, is limited by the possibility
of deriving a signal at the modulation frequency. In faci, once having this
signal, its use in the expander is only one of a number of ways of indicaling
the presence of a cavitating target.

52. The results quoted above led to the need for an analytical study
of modulated cavitation noise to determine the extent to which rectification
and parrow-band filtering could improve detection.

53. Briefly, the analysis consists in assuming Fourier series repre-
sentations for both the target and background noises. Rach carrier frequency
of the target noise is assumed to be sinusoidally modulated to a depth of 100%.
After square-law rectification all background carriers, targst carriers, and
target side bands combine to give sum and difference frequencies or direct-
current and double-frequency terms. Of these the difference terms which fall
arnund the moculation frequency are found both wheu the target ias assumed
present and when it is assumed absent.

Si. When no target is present the signul output of the narrow-band-
pass filter around the assumsd modulation frequency has tiae properties of a
wvhite noise. When a target signal is prasant the filter output consists of
a sins wave mixed in this noise. The statistical properties £ the onwvelopes
of these two signals are given by Rice and Bermett (Ref. 8), and from their
carves the probability of detecting a target of any assumsd strength relative
to the background noise may be calculated. The method is shown in Appendix I,

~18-
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SS. Some of the results of this analysis are shown in Figure 26,
The probability of not detecting the presence of s target (one minus the
Recognition Differential) is plotted versus peak signal-to-noise ratio. The
parameters in these curves are as follows: the predetector bandwidth (ths
bandwidth of ths target signal) is assumed to be 6,000 cps, the time of observa-
tion of the signal is assumed o be 10 seconds, the frequency of asmplitude modu-
lation of the target is assumed to be known (r = 0) or is =ssumed tu be known
within 10 cps (r = 10), the probability of judging a target to be present when
there is none is equal to 0,05 (the probability of commissive error), and the
postdetector tandwidth (the narrow~band-pass filter following square-law detec-
tion of the target and background) is assumed to be either 1/2 cps or 1/10 cpe.
An experimentally determined curve for aural detection;}s shown for comparison,

S6. Comparing the curve for the ear with that for the 1/10-cps filter
with the modulation frequency known (as it was in ths aural test), it is found
that the threshold for detection (SOf point) with the rectification and filtering
teclwique i3 5 db lower than that for aural detection, It is seun that detection
with a 1/2-cps filter is inferior tu that with a 1/10=cps filtar (ths magnitude
of this difference is discussed in Appendix I,)

57. When a 1/10-cps filter is used, the threshold of detection for
the case in which the modulation frequency iz uncertain (within 10 cps) is
2-1/2 db higher than for the case in which the modulation frequancy is known.
This factor is given further attention in a separate section in this report.

S8, To swmsarize, it has been found that a 5-db improvement over aural
threshold in the detectimn of modulated cavitation may be realized bty the use
of this detection msthod with postdetector filters of 1/10-cps bandwidth,

«19-
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S8ince screw and blade rates of cavitation may vary from about 1 cps to 15 cps,
140 fired filters would be regjuired to :aonitor the spectrum for the presencs

of & tone indicative of a target signal. Since this represents a prohibitive
amount of equipment, frequency multiplication with aural detection was used
(this equipment was built on Contract NObsr-52605) for analyzing purposes.

This process consistcd of recording the rectified signal on a slowly moving
megnetic *zpe and picking up the signal with heads moving at high speed rela-
tive to the tape. The amount of multiplication used was 500 times, which *rans-
lated the 1= to 15-cps band to SO0 to 7500 cps. The average critical bandwidth
of 50 cps is then ecuivalent to 50/50C ~ 1/10 cps.

3. Soms Remarks on the Ceneral Search Problen

59, It is instructive to consider the general problem of detecting
a tone in a white noise when the frequency of the tone is not known in advance,
This is generally the case during search., The extent of uncertainty of wsignal
frequency is always limited. In the case of underwater listening, the frequency
ranga of interest is limited by attenuation in the water. In the case of detec-
tion of modulated cavitatiom the frequency range cf the tones (which are genera-
ted by square law-rectification) is limited to usable shaft and blade rates.

0. Setting aside, for the moment, considerations of equipment com-
plexity, ths threshold levels for ideal detection systems may be computed and
the performance of these systems may be compared with that of the ear. When
the potential improvemsnt ia imown, systems may be designed which compromise
complexity with the degree to which the optimum is approached.

61, In crder to do this, agreement must be rcached as to what consti-

tutes an optimum mystem. Van Vleck and Middleton derived the so called "matched
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filter® (Ref. §) (using peak output S/N as a criterion) which is a filter
having an amplitude response proportional to the amplitude of the spectrum

of the signal, and a phase response the negative of that of the signal spec~
trum. For purposes ¢f this analysis an sappraximately Gaussian-shaped filter
centered at the frequency of the signal with a bandwidth of about the recipro-
cal of the duraticn of +le signal is used. The assumption is made here that
the optimum thing to do when the frequency is not known is to use a bank of
such filters to cover the frequency range of interest,'

62. The basis of detection is takan as the amplitude of the envelope
of the outputs of the filters. Then ths work of Rice and Bennett, (Ref. 8)
Figures 39 and L0, may be applied directly to find the probability of detecting
a signal. A given probability of commissive error (judging a target present
when there is none) is assumed, and this determines a bias level which the
signal must exceed in order to be detected, Sample calculations are given in
Appendix I,

63, The results presented in Figure 27 indicate the increase in sig-
nal level which is required for the same probability of detection when the sign-
nal frequency is not known ac compared with when tho signal frequency is known,
The detection system consists of a number, N, of contiguous band-pass filters
of bandwidth 1/r, where T is the signsl duration. When N = 1, thLe signal fre-
quency is known, and the signal-to-noise ratio is ¢4 db at 50f probability of
detection., If N = 100, however, the signal-to-roise ratio must be 48-1/2 db

for the same provability of detection., 1In less general ter=s this means that

®rhe effective noise bandwidth of a Gaussian filter is very nearly equal to its
3-db bandwidth, Adjlacent filters are assumed to cross over at the 3-db points.

-21-
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a pulse of duration 0,2 seconds could be detected at ¢4 db in a filter of
S-cps bandwidth if its frequency were known; but if it were only known that
the frequency were within soms 500-cps band,; then the signal would have to
be #8-1/2 db above the noise in a S—cps band to be detected (with S0% proba-
bility).

6. It is interesting to compare these results with the results of
tests with awral detection of tone signals for the cases in which the listeners
knew the signal frequency in advance, and those in which the listeners were un-
certain of the signal frequency (within 1200 cps) (Figure 28). The manner in
which these tests were conducted is described in Appendix II. At SO% proba-
bility of detection there is a difference of 2-3/l; db between the means for the
two conditions, If the ear is likened (as it often is) to a bank of contiguous
filters of widths equal to the critical bandwidth then there are appraximately
30 such critical bandwidths in the 1200-cps band investigated (200-1L00 cps).
Refering to Pigure 27, it is seen that an ideal system, in which only ons ob-
servation of the filter outputs is made, requires 3-3/L db greater signal for
thirty filters than for one. There is approximate numerical agreement with
the experimental test results. The theoretical and experimental thresholds
may be expected to differ because the ear is unalagoues to, but not identical
with, & bank of filters. Purthermore, in the aural tests thc cbservation time
wes five seconds, which allows many observations, and confirmations, of the
presence of 2 signal.

65. In Pigure 29A curves are presented which psrmit a direct com-
parison between the performance ‘of the ideal systen discussed above, and the

measured performance of the ear in detection of tones in noise. Curves for a
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modified form of the idesal system are also given. The modified system consists
of a bank of filters each of which is wider than the optimum vandwidth (1/T).

Since these filters are widsr thaa the optimum, they build up Caster. Thers-

fore, more observations of their outputs may be made in a given time and ths
signal is judged present or absent on the basis of whether a majority of
the outputs of each filter exceed the bias. For the sake of generality the
computed curves have been presented in terms of a number of parameters.

These are:

T o the time of signal obsgericotion for the reference systenm,

seconds

¢ _ = the bandwidth of one of the ideal filters, (1/T.),
o o
for the reference system, cps

T = the time of signal observation
¢ = bandwidth of filters, cps
r = frequency uncertainty of signal, cps

H = number cf observations in time T
(H = 1 for ideal systom)

66. A summary of the results presented in Pigure 29A is given
in the table below for the special case in which the frequsncy of the tone
is known only to fall in a 1200-cps band., The difference betwean the S0%

detection threshold for each system and that of aural detection is noted.
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TABLE I

Comparison of Aural Detection of Tones with Detection
Using a Bank of Contiguous Baeud-Pass Filters
(tone in a noise 1200 cps wide)

Time Number B No. of Obs. Improvement
Curve in of of of of Over Aural
Pigure 294 Cbservation Filters Filters Filter Outputs Detection
(sec) (eps) COB
G S Bar 0
A 0.2 2Lo S 1 2
8 0.6 240 S 3 h-1/2
c 1.0 2Lo 5 S 6-1/2
D 0.6 720 1-2/3 1 61/
)4 1.0 1200 1 1l 8-1/4
4 S 1200 1l 5 12

67. Consider the reference system of curve A in Figure 29A. This
curve applies to any system consisting of 240 contiguons filters where the
bandwidth of the individual filters equals 1/'. Por example, T may be one
second, ¢ = 1 cps, and r = 240; or, as in Table I, T = 0,2 seconds, ¢ = 5
cps, and r = 1200 cps. The SOf threshold is 15 db below the level of the
noise in r cps. (Referred to the noise in one of the filters the S0f thres-
hold is =15 4 10 log 24O = +8.8 db, This is the sams curve plottud in Figure
17 for N = 240 where the reference bandwidth is taken as the noise in one of
the filters.)

63. Looking at curve G, the ear(with r = 1200 cps but T = S secs,
taken froa Figure 28) is found to be about 2 db worse than system A. The

systeas of curves B and C require no more spparatus ‘than that of curve A,
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5ut are drawn for three and five obse;vauions of the same filter outputs

(T = 3T, = 0.6 sec and 5Ty = 1.0 sec). These systems are L=1/2 and 6-1/2 db
better than the ear, respectively, and take considerably less time to scan
a particular signal (bearing).

69, Curves D and E are drawn for ideal systems, which for the case
of r = 1200 cps, gives T = 0.6 and 1,0 seconds; and ¢ = 1=2/3 cps and 1 cps
respectively, These systems are about 6=1/i db and 8-1/l; db better than the
ear, rcapectively. The final curve, F, is for a modified ideal system using
five times as many filters as the system of curve A, and five observations of
the outputs of these filters, This makes T = 25 To’ which for the examplse
being discussed is 5 seconds = the same as in the aural experiment (curve G).
This system_is 12 db better than the ear,

70, It is interesting to compare the ideal systems (curves D and E)
with the modified ideal systems (curves B and C). Curve D (720 filters) is
just 1=3/L db better than curve B, which represents three observations on 2440
filters., Similarly curve E (1200 filters) is only 1-3/4 db better than curve
C for five cbservations of 240 filters.

7T1l. The improvement in threshold which may be realized by taking a
majority report of a number of observations of the filter outputs is shown in
Figure 29B, for systems of one and 240 filters. It is seen that it is rela-
tively more advantageous to make more observations when the number of filters
required is greater.

72. The question arises as to whether it is desirable to filter at
all, since the majority report of many observations gives substantial improvements
and would require less equipment. In Figure 30 the ideal system is compared with

‘ ~25=
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a gystem using oniy one filter of bandwidth equal to ths frequency uncertainty
of the signal, r. In the upper half of the figure, the probability of detec-
ting a signal is plotted against tne signal-to-noise ratio in the band, r,
with Z, the product of the r and the time of observation T as the parameter,
Eitner r cr T, may be ccnsidered fixed. For example; if r ~ 130 cps3, T takes
on the values 1; 2, 3, 5, 10, and 2C secornds corresponding to the parametars
Z of one hundred times those values. A consistent improvement of about 2.7

db is noted for every doubling of the time of observation, and the number uf
filters, IL{ T is ccnsidered fixed, say at one second, r takss on 100, 200;
etc, For r = 100; SOf thresicld obtiins at -11,5 d5 compared %o the noise

in 100 cps. With the ncise in one of the 100 filters as reference (each of

bandwidth 1/T = 1 cps) the signal-to-noise ratio ia -11.5 420 = +8,5 db, !

(This ccrresponds to the point on the curve N = 100 in Figure 27.) |
73, Tke lower curve shoWs what is theoretically possible with a

single filter using majority report. (The method of computing these results,

and the asswmptions made, are given in Appencix III,) The parameter X = rT,

represent3 the number of observations of the output envelope of tha filter

which may be made in time T. Thnresholds for N = Z should be ccmparad., For

example, let r = 100 and T = 1. The ideal system has a threshold of =-11.5 db,

The single-filter system has a threshold of about -6.5 db, or about S db worse,

For r = 100 and T = 10 seconds, N = Z = 1000, ths differenco between the two

systems 13 5 db, For N = 2 = 1 ihs 3ysisns cre ths sama, Yt ic eezm that as

the time of observation is increased the ideal system becomes progressively

better than the single-filter systam Ly roughly S db for every ten times

increase in times,

=26~
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74. If the signal is not a tone, but an amplitude-modulated noise
from which a tone is derived by square-~law rectification, the rate of thres-
hold improvement with increase in observation time is not as great as when
the signal i: o tone to start witn, This may be viewad as a loss due to
intarmodulation products bstween signal and ncise in the square-law rectifica-
tion. The thresholds of detection of 100% sinusoidally amplitude-modulated
white noise mixed in a white-noise background are shown in Figurs 31 as a
function of the time of observation. The bandwidth of the signal and back-
ground are assumed to be 6000 cpe; and the ideal system described abave is
ased to detect the tone at the wodulation frequency. The uncertainty of the
modulation frequency is taken as 10 cps which 13 approximately the uncertainty
to be expected with propeller cavitarvion. It can be seen from the figure that
doubling the time of observation (and the number of filters) results in about
1.3-db threshold improvement whereas 2.7 db was realized when the signal was
a tone to start with,

75. In this section the impracticability of using large numbers of
filters has been overlooked while the potential improvements in threshcld have
been investigated. In the following section a practical method for signal
analysis is presented, which achieves the frequency resolution desired, in
the shortest possible time; with a reasonable amount of equipment.

L. Spectrum Analysis by Fraquency Multiplication Followed by Filtering

a. Thsoerg
76. As discussed in the section on signal analysis, the problem of
finding a tons of an uncertain frequency in a nojse may. be viewed as one of

obtaining plots of the power spectra of incoming signals. When such a aspectrum
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exhibits a peak, a tone may be said %c le present with an arbitrarily small
probability of being wrong (the lattor depends on how large a peak is required
to be judged a tons).

77. When the fraquency uncertainty of the tone is large compared
with the resolution required, conventional systems of spectral analysis becoms
uneconomical (banks of contiguous filters with scanning of their outputs), or
too time consuming (a single filter used to monitor the entire spectrum by
heterodyning). For example; consider the analysis of a band of noige 1200
cps wide with a desired resclution of 5 cps. Two hundred and forty fixed fil-
ters; with commutating means for their outputs; would be required if contiguous
filters are used, with a time for analysis of the order of 0.2 secs (the build=-
up time of one of the filters). If a single 5-cps filter were used analysis
would take LB secs, allowing 0.2 secs for the filter to build up in each
S5-cps band.

78. However; there is another way of anslyzing the spectrum with a
single filter without increasing the time for analysis over that required for
a contiguous-filter analyzer. The method consists of frequency multiplying
the signal prior 4o analysis, followed by scanning with a single filter by
the heterodyning technique. An analyzer of this type has been described by
Mathes, Norwine, and Davis in an article, "Cathode Ray Sound Spectrograph®
(Ref. 10). In this system the signal was first recordad on a disc (2 seconds);
the disc was then speeded up 200 times (7 seconds); the signal was then analyzsed
(11 seconds, but 1/2 second would suffice for detection of a tcne); and then
the disc was slowed down (16 sscoids). Since it takes much longer than the
duration of the signal to analyzs the signal with this system it would not be
very useful for signal detection purposes (nor was it designed for those

purposes). A modification of this system, however; will permit continuous
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signal analysis. This is accomplished by multiplying, without changing the
speed of the recording disc, in a manne> described below. In this system

one signal sample is analyzed while the next sample is recorded for subsequent
analysis.

79, Before ~onsiderirc the details of the proposed system it is de-
sirsble to find the minimum factcr of multiplication which will enable ths
analysis to keep up with the flow of information. The symbols used in this
discussicn are as follows:

W = bandwidth of the signal to be analyzed; cps

T = duration of the signal . seconds

e}
~

1
maximum frequency resolution possible, cps (b - f}

c*
2

time required to anelyze the spactrum with a single
filter b cps wide; seconds

-4
[ ]

factor of frequency multiplication

k = a factor squal to the ratio of the actual time spent in
any bandwidth b, to the nominal build-up time 1/b.

80. In each bandwidth b cps, k/t seconds are spent. There are W/b
bands b cps wide in W. The time ¢ required to scan W with a filter b cps
wide is then:

t = (W/b) x (k/b) = KW/l (1)
After frequency multiplication of ¥ timss; the bandwidth of the signal becomes
W' « NW, the duration becomes T/N, and the maximum resolution (the smallest
analyzing bandwidth) becomss b' = Nb. The new scanring time t', assuming that

the signal is repeated until the analysis 1s conpleted, is:
Lo~ (/b)Y x (k/b') = 8002 = /(WD) = iel/N0l.  (2)
Therefore, t' is equal to t/N. If t' equals T, the analysis can keep up (with

-29-
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a delay of T secands) with the flow of signal information. Setting t' = T,
which makes N a minimum:
t! = /b2 = T, (3)
BEliminating b by substituting T = 1/b,
N = kIW. (k)
81. Applying this to the example considered sbove, in which a 1200-cps
band was to be analyved with S5-cps resolution:
Tellhd =1/5 = 0,2 seconds.
Let the parameter k = 1 (the choice of k will be discussed below),
.| '@'0.211200'2110 .
W' = W = 240 < 1200 = 288 ke
b! = Nb = 240 x 5 = 1200 cps
t' = E4/No? = 1200/240 x 25 = 0.2 seconds = T
82. Take as snother example the detection of modulated cavitation
signals by square-law rectification and search for s tone at the modulation
frequency. The mc;rt&inty of the signal frequency W, is about 15 cps. Re-
quire a resolution of 1/20 cps, sc that T = 20 seconds. Then:
N =)W = 20x 15 = 300
W' =W = 300 x 15 = },500 eps
bt = ¥b = 300 x 1/20 = 15 cps
' = 6/M? = 15 x 400/300 = 20 seconds = T
b. Wdilisstion of This Mathod

83. As pointed out above, a practical detection device must analyse

the zignal at the rate it is received (with a delay), s0 that time may not be
lost in accelerating and decelerating a recording medius. This may be accomplished

«30-
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by sampling the signal with very narrow puless (pulse amplitude aodulation)
which are recorded on a drum so that they appear on playback to be closer
together than the actual elapsed time between pulses, For example, consider
that the sampling pulses are synchronous with the rotational speed of the
drum, and that one pulse is recorded per revolution. Then subsequent pulses

would be recorded on top of one another and on playback & single pulse would

_be read off. If the pulse rate is slightly different. than the rotational

o>
speed of the drum, the pulses will be recordea close together and in sequence.

In this way many revolutions of the drum are required to record the signal but
the entire signal will be played back in a single revolution., The amownt of
frequency multiplication N is equal to the number of revolutions during re-
cording in this case.

84. The design of a system based on this method will now be discussed,
for the analysis of s signal of duration T = 20 seconds, and bandwidth W = 15
cps. The minimum multiplication required for (k = 1) is 300 times, as shown
above. If this signal is to be represented by pulse samples these samples
must be taken at a rate of at least twice the highest frequency (Ref. 11), or
30 cps in this case. 8Since 30 cps is a convenient synchronous-motor speed,
assume the recording disc is driven at this speed and that one recording head
is used. In 20 seconds, 30 x 20 = 600 pulse samples of the signal must be
taken, and these are to be recorded around the circumference of the disc.
Bxperience in the manufacture of magnetic pulse-storage systems for computers
hes shown that 100 pulses may be recorded per inch. (The mechanical tolerances
required to achieve this are discussed by Wallace, Ref. 12.) Therefore, the

circumference of the dizc must be six inches to accomodate 600 pulses., The
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peripneral velocity of the disc will equal 6 x 30 = 180 inches per second.

The time between pulses on playback (which ara 0.0l inches apart) will be
0.01/130 = 0.0000555 seconds. The pulse samples when recording must be taken
slightly faster than 30 cps (every 0.0333333 seconds) so that they are spaced
by 0.0l inches. Tha time between pulses samples is then 0.03333 - 0,000055% =
0.032778 sev, giving a pulse~sample rate of 30,050 cps,

85. Since the entire signal will be played back in one revolution
(1/30 sec) and the actual duration bf the signal was 20 seconds, the resulting
frequency multiplication is 609‘££ye§ - or twice the minimum required.

86. The design of a system to handle a signal of 1200-cps bandwidth
and duration 0.2 seconds is fundamentally the same as the previous example.,
However, it is not feasible to rotate the recording disc at twice the highest
frequency of the signal., It is necessary to use a number of equally spaced
recording heads around the disc so that a point on the circumference moves
only the distance between two adjacent heads between signal pulse samples,
rather than an entire revolution. In this case six recording heads would be
used, and the drum would Le rotated at LGQ rpa.

c. Choice of the Build-Up Parameter "k"

87. In a system which analyzes a spectrum with a single filter by
varying the tuning of the filter, or by sweeping the signal frequency through
the range of a fixed filter, the question arises as to how fast an analysis
may bs accomplishad, This problem has been treated in the literature. Barber
(Ref. 13), for example, analyzed the case of a simple RIC type of filter with
a linear rate of frequency scan. It is found that as the rate of scan is iu-

creased the frequency at which the output of the filter is maximum becomes

—a3 2-
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displaced from the actual signal frequency in the direction of the scan. Fur-
thermore, the filter output builds up less and less, the response becomes
broader (in per cent of the filter bandwidth), and the maximum response is
followed by increasing oscillations as the scanning rate is raised. The magni-
tude of these effects is such that twenty times the build.-up time of the filter
(k = 20) is allowed in scanning between the cutoff frequencies of the filter
in spectrum-analyzing systems requiring high resolution in frequency, and

wide dynamic range. Howaver, for detection of a tone in a white noise the

only important requirement seems to be that the output of the filter builds

up close to the maximum value (steady-state response). This fact is borne out
by the experimental results described below.

88. A Hewlett Pzckard Model 3COA Wave Analyzer was driven through a
gear train, sprockets; and chain by a motor in a Sound Apparatus Company Pen
Recorder. Measurement of the change in tuning with time of this combination
showed that a fairly constant rate of 154 cps/sec obtained between 7L00 and
9400 cps. In the first experiment an input tone at 8500 cps was used. The
analyzer was run from 7800 to 920C cps. Oscillograms 3¢ ths responses wers
taken for different filter bandwidths (the bandwidth of this analyzer is ad-
Justable).. The results are shown in Pigure 32, where the build-up paramster
k, the ratio of the actual time spent in scanning between the cutoff frequsncies
(3-db points) of the filter to the reciprocal of the filter bandwidth, is given
for each case. The percentage of steady-state response is also shown. These
measurements are in close agreement with the results of Barber (Ref. 13). It

is seen that with k = 1,46 the output builds up to within 0,5 db of the steady-

state response.
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89. The next series cf experiments permit evaluation of the scanning
analyzer as a tone detection gsystem. The object of these measurements was
to compare the thresholds obtained with a scanning analyzer with those calcu-
lated for the ideal detection system and to find the minimum usable k.

90. In the experiment the scanning filter took much longer to com-
plete the analysis than would be required by the ideal sysiem with many con-
tiguous fiiters, but it is assumed that the analysis time can be red;ced to
the uctual signal duration by frequency multiplication as described above.

91. Detection with the analyzer bandwidth set at 1S cps, giving
k = 1,46 is 1llustrated in Figure 32. Four signal-to-noise ratios are shown,
all measured with respect to the noise in 15 cps. The oscillogram covers a
range of 1400 cps, or 93 times the analyzer bandwidth. The results may be
compared with an ideal gystem with r = 1400 cps, T = 1/14 sec, ¢ = 1L cps,
and N (the number of filters) = 100 (see Figure 27). The S50f threshold for
the ideal system is +3-1/2 db,

92. In Figure 33 the bias level has been set 30 thet it is not ex-
ceeded by the noise in any of the oscillograms since there are not enough
measurements to find the proper bias to give excesses in 5% of the oscillograms,
It is seen that at 415-db signal-to-noise the bias is exceeded by the signal in
every case, at 10 db in half the cases, at 5 db in one quarter of the cases,
and at 0 db not at all. (The frequency at which the signal appears varies
because adequate care was not taken in synchronizing the oscilloscope with
the wave analyzer.) The measured thresholds are within a few db of the ideal
system.

93. The results of the same experiment repeated with the analyzer
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bandwidth set at 36 cps are shown in Figure 34. The signal-to-noise ratio
is measured with respect to noise in the 36-cps band in these measurements,
Therefore, 0 db in this figure would be equivalent to 43.8 db in Figure 33.
There is an obvious difference in the appearance of oscillograms of Figures
33 and 3L4. Those taken with a 36-cps bandwidth have broad maxima at the
signal frejuency as conparcd with the mexima for a bandwidth of 15 cps which
show.narrow peaks, The reason for this difference is that the analyzer re-
mains tuned for a relatively long time arcund the signal frequency with the
36-cps bandwidth (in fact for 8.L45 times the buildup time of the filter). As
a result, a number of observations may be made at the signal frequency in a
single sweep., The bias, as drawn in Figure 3L, is set so that no noise peak
exceeds it. Fifty per cent threshold is between 5 db and 10 db. If, however,
the bias is reduced so that single noise peaks exceed it, but four or more
noise peaks close together do not exceed it (in other words, a majority report
is taken), 50% threshold is not more than 5 db  The system of Figure 34 may be
said to be equivalent to an ideal system with 14,00/36 = 39 filters, with about
eight observations of the filter outputs. Fifty per cent threshold for an ideal
system with single observation and 39 filters is about 48 db (Figure 27). Major-
ity report of eignt observations of the ideal system would improve the threshold
by about i db (see Figure 39B), making the 50% threshold about 44 db -~ which is
about the performance of the system of Figure 3L taking majority report.

94. The results shown in Figure 35, with the ahalyzer bandwidth set
at 21 cps, are intermediate between the two just discussed. Since k = 2,86,

itwo or three observations may be made at the signal:irequency in a single

sweep. If the bias is reduced below that shown, and the criterion far signal

: - =35~
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present is changed from a single excess to two adjacent excessss, the Sog
threshold becomes less than 10 db.

95. These experiments demonstrate the fact that for purposes of
tone detection in white noise a scanning rate which allows slightly'more
than the nominal build-up time cf the analyzing filter is adequate. They
also indicate that the narrowest pcssible filter is the best to use, but
a broadsr filter is almost as good (for the same over-all scanning time) if
proper use is made of its output (majority report).

S. Facsimile Recorder for Frequency-Intensity-Time Display

96. 1In previous discussions of listening tests, a need was ex-
pressed for a visual presentation which records the spectra of received
signals, A three-dimensional portrayal may be used to mset this rr.quire-
ment which represents frequency and time on two mutual perpvendicular axas,
and amplitude in terms of line dersity. (Work on three-dimensional porirayals
cf speech sounds has been done by Bell Laboratories and is described in Ref. 1l.)

67
Z

. . Figures 26A and 36B shcw the details of a Western Union Facsimiie
Recorder which has been considered for this display. The recording medium is
electrcsensitive ™'eledeltos™ paper; which is marked in response to the current
passed through it. The blacikness or the mark is propor;ional to the currentr
through the papsr. The stylii shown 3n Figure 36A iravel across the paper on
an endless metal belt. At the same time, paper is moved past the belt by a
friction drive. In Pigurs 37A arc shown the results of impressing a 1-kc sine
wave on the recorder, The ampli‘ude of the sine wave has been changed in 2-dd
steps from " just visible® to maximum blackmess. The upper 1imit of intensiiy

is limited by two factors. First, at high current levels 2 severe arc is

<36~
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formed, charring the paper. Secondly; the resuits show that while a change
of 2 db at low intensity _eveliz can «.-:5:1y be detected, a similar change at
high intensities is nc. ncerl; as evident, This indicates a nonlinearity in
the response, limiti: . the dynamiz xarge of the medium. The estimated usable
range of the paper is 10 db,

98, In tne lower part of Figure 37A is shown a recording of band
limited noise (LO cps at 1 kc). The ncise has a granular apuvearance.

99, 1f a sine wave is preseni in the noise, the resuit; as the
analyzer sweeps through the frequency of the sine-wave; will be an increase
in energy in the output of the filter. This results in an increase in line
density on the recording paper. To simulate this effect, a pulsed sine wave
wag added to the noise. The repetition rate of the pulsc waes five seconds,
corresponding to the sweep time of one stylus across the paper. The dura-
tion of the pulse was set at 25 milliseconds, corresponding to the build-up
time of the LO-cps filter. The duration of the pulse is 1/200 of the sweep
time so thai the presentation i:c zquivalent to a scan of the outputs of 200
filters. The results, in Figure 373; show that the SO0% threshold signal-to-
noise ratio is about 7 or 8 4b for four adjacent sweeps. There is loss of
about 1 db in using this type of presautation as compared with that of Pigures
33-35, because of the 2-db differential sensitivity of the paper. The optimum

recording level is that which makes noise alone barely mark the paper.

SECTION D - CONCLUSIONS

100, The comb filter effects an improvement in tone signal thresholds
of about 7 db in both laboratory measurements, in which the tones ars immersed
37~
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in white noiss, and in tests with recordings of actual submarine sounds.
Seventeen seconds are required to scan the signal on any bearing for the
presence of tones, Because of confusion cdue to the presence of tones in
the self-noise of submarines a spectrum reccrding device would be a useful
aid to the operator. The comb filter, as syntnesized using acoustic delay,
nceupies a cylindrical voluwne 12 inches in diameter and 18 inches high.
Seventeen vacuum tubes ars used,

101, An analysis of detection of modulation of white noise indicates
that a threshold 5 db lower than aural threshold may be realized by square-
law rectification of the signal followed by filtering of the resulting tone
at the modulation frequency. (A frequency multiplier has been built for
the Bureau c¢f Ships - Contract NObsr-52605, which permits aural detection
of the tone due to propeller modulation.)

102, The general analysis of the problem of detection of a tone in
noise shows that thresholds as much as 12 db lower than aural thresholds (for
the sarme time for detection) may be realized by an improved detection system,
This system consists of firequency multiplication of the signal followed by
analysis with a single scanning filter. The design of such a system is within
the scope of present practice., Detection by this system may be made less
dependent upon the operatar's attention than aural detection., Experiments
indicate that a time equal to one and one~half times the nominal buwild-wp

tims of the scanning filter in such an analyzer is adequate for this application.

PART II - FUTURE OF THIS PROJECT

133. The initial goal of this project was to build a device to lower

the threshold of detection of tcne signals. The object of this work was to

-38-
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extend the range of detection of passive listening - juipment, The comb filter,
which lowers tone signal thresholds by about 7 db, is a realization of this
objective., However, because of the great advances which have been made in
this field in the last two years; improvements of this magnitude are not im-
portant to a quiet submarine listening to a snorkeling, or surfaced; submarine.
The opinion of personnel at Sub Dev Grp Two is that. the comb filter may find
application in quiet vs. yulet subinarine or snorkel vs., snorkel submarine
deteccion, It should be esvaluatad for Lhose purposes.

10L. Work on the detsciicn of cavi%ation noise is continuing on Bureau
Ships Contract NObsr-52605. Design ct a spectrum analyzer (for ths detection
of cavit#tion) using frequency multiplication and a scanning filter will be

done on this project.

PART III -~ SUPPLEMENTARY DATA

SECTION A - APPENDIXES

1. Detection of an Amplitude-Modulated White Noise (Propeller Cavitation)
Imnersed in a White-Noise Background

105. The signal dus t~ a cavatating submarine consists of an amplitude-
modul ated noise which is immrsec in hHackgrouwnd noise (a combinetron of ambient
and self-noises (sec Figure 38). The analysis rests on the following assump-

tions.

a. The spectra of tpe target sound and background are both
flat with frequency, externding from some low frequency cutoff, say 500 cps, to
S00 + b ops.

o, Tie long-time averages of target and background intensities

do not change, (1.e., are constant average-rms noises), for periods of 10 seconds.,
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c. The target sound is modulated sinusoidally to a depth of
100 per cent (it is easy to make corrections for’smaller depths ¢f modulation).
d. The frequancy of amplituda modulation (the blade rate)
does not change by more than one psr cé&t in 1C seconds., |

106, The noises; due to both terget and interference, are each repre-
sented in a Fourier series consisting of equal-amplitude; randomly phased com=
ponents (carriers), Egch target-n>ise carrier is modulated sinusoidaily at
the blade rate. The signal, consisting of target and interference noise, is
then square-law detected, producing voltages due to difference frequencies
(as well as other components which are eliminated by filters).

107. The low-frequency (difference frequency) voltage is filtered
with a band=pasgs filter, the postdetector filter, of bandwidth ¢ cps, at the
modulation frequency. The envelove of the output of the filter is detected
by & linear detector, The probability density of this detected envelope is
found for the two cases in which the target signal is assumed absent or assumed

present. A bias voltage is thenvseiected so that when the target is not present

this bias is exceeded with only 2 small probability {perhaps 0.05 - this is
called the probability of commissive error). The probability that this bias
is not excesdad when the signal is present (the probability of omissive error)
is then found with the same bias. Systems having lower probability of omissive
error for a given probability of commissive error and a given time of observa-
tion are then superior to systems having greater probability of omissive error.
108, The symbols used in the analysis are as follows.
W, = average noise background power, watis per.cpa
w_ = average target power, watts per cps
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b = bandwidth of target and background noises, cps
¢ = postdetector bandwidth, ecps

e_ = rms voltage of each carrier in the Fourier series
representation of the background noise

e_ = rms voltage of each carrier in the Fourier series
s .
representation of the target noise

9 - gpacing petween adjacent carriers, cps

fm = modulation rates,; cps

109. The rms voltage of the background noise carriers, e, is re-

lated to v, by:

e,2 1/2
T " Wy S0 that e, = &3 . (1)

110, Each of the target carviers of rms 8gs if rmodulated 100 per
cent, has two side bands of half its own amplitude. In a one-cycle-per-
second band the target power, LA is tnen 33-2- + EE_:’;, where the first term
is due to carriers and the second term 1s due to the side bands. Therefore,
f’_§3 =2w,/3, and e = (2w, 8/3)1/2, and each side band has a rms amplitude
0 /2 = (uy §/6)1/2,

111. Consider, now, square-law detection of “he background noise
alona, Take any two noise carriers whicl are fm cps apart, (a.g.,\fa{_ngcos
(wyt ¢ g ) and \/an co8 (W, 4 gt * [} n 4 me On squaring, aside from the
square of each term which is at twice frejuency, & cross-product 2(2w, §)cos
(ot # n)cos (v & gt * ¥p o g/ cosults. When this is separated into sum
and difference components, the latter, which is at £, cps, is found to be
angcos (wot + ¢n -8 o ‘).

112. In 2 bandwidth b cps, thers are b/4’ noise carriers, and fp/f
less than b/§ cross-products between carriers separated by f,. For b lathgo
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compared tc fm, as in the practical case, there are nearly b/g cross=products,
Each cross-product results in a voltage at { of amplitude 2wné?, end of random
phase. These voltages therefore add as powers, so that the average power at

£, 1s given by (/) (2wn2 5\2); At frequencies within a few cps of f the
average ontput is substantially the sam because the number of cross-products
1s very nearly the same, If the band-pass filter, following the = :are-law
detector, has an effective width of ¢ ¢ps; then the average power output of

this filter with background noise input will begs

(c/8) (/8) (26,2 §%) = 2vcw,’, (2)

corresponding to an rms voltage (2bc)1/3 Wno The probability density function
of the envelope of this voltage (found by & linear detector) is given in Figure
39 with a = 0. (The ratio & will be defined below.) The integrals of the
probability density functions of Figure 39 are plotted in Pigure LO (Ref. 8).
113. When a target is present the average output power increases due

to six additional sources of pouwer al frequencies around f  cps in the band-
width c cps. These ares

(1) Power due to cross-products (beats) between carriers of
the target, noise. The average value of this power; found in the sams way as
that due to background noise; 1is 153% x Lk x g-‘-'-x-‘i; 82 x § - g bc‘,-sz.

(2) Powar dus to beats between target carriers and background
carriers. This powser is % bcwnws.

(3) Power due to beats batween target 3ide bands and background
carriers. This power is one half of (2) above, or § bew w.

(L) Power dus tc beat: between target carriers and target side

bands which are not side bands of these same carriers (but are side bands of

l2-
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carriers 2f, cps away). Each carrier has two such nonassociated side bands,
The power due to this source is one-half of (1) above giving % bcvaz.

(5) Power dus to beats between target side bands. This
power is aleso one-half of that dus to (1) of above, giving 1-9‘ bcwsz.

(6) A sine wave dus to beats between target carriers and
associated side bands, 8Since these cross-products give cophasal voltages
at the modulation frequency, they add linearly in voltage rather than in
power, The voltage dus to square-law detection of ons target carrier with

its side bands has amplitude 2032 or rms ‘J2082 - G - 8. Since there

are b/§ target carriers the total rms voltage is =3 bw_, with power
8.2 2

3 b w,.

114, The first five, of the above six, additional powers in the
output of the postdstector band-pass filter have envelopes with probability
density functions identical with that found with background noise alone,

The sixth component is a sine wave, which, vhen added to ths voltage due to
background noise, will change the probability density functions as shown

in rigure 39 (dus to Rice, Ref. 8). If this additional component is con-
sidered only, we will err on the safe side since we neglect additional power
which is present only when the targst is present. The problem may then be
solved by dirwct application of the work of Rice and Bennett. The largest

v
of the fivo neglected powers is in a ratio of 2 '—' to the power found with
n

3
background noise alone. For targets less than 10 db below background this
error is less than 10 per cent.
115, The paramster e in Pigure 39, which is the ratio between the

amplitude of the sine wave to the rms noise, is thens
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a= 5_2:3 - E:J:E- b T8, (3)
VE;Z‘Vn i) c Wy

116, From this equation, with the aid of Figure LO (due to Bennett),
the S curves of Figure 26 are calculated. For an example, conside: the curve
for r = 0o and ¢ = 1/10. The probability of commissive error has been chosen
as 0,05, which means that the envelope of the output of the band pass filter
must be less than the bias V with a prcbability of 0.95 when no signal is
presont (i.e., a = o). Refering to Figure 4O we find V = 2... Let us
assuwe a = 2, b = 6,000. Then ws/Vn = 0,00866; or =20.62 db, from equation
(3) above. The curves in Figure 26 are plotted against peak signal-to-noise
however. The peak intensity of a sine wave is 8/3 times its average intansity
or L.25 db larger. The peak signal-to-noise correspording to a = 2 i3 then
-20,62 44.25 = 16,37 db. Refering again to Figure 4O for a = 2 and V = 2.4
the probability that the bias is not exceeded when the signal is present is
0.59, which point is plotted in Figure 26,

117. When the frequency of the signal is known to witnin 10 cps thare
are 100 possible bands (for ¢ = 1/10 cps) which might exceed the bias when no
signal is present., Therefore, the bias must be set higher to keep the total
commissive error at 0,05, This accounts for the displacement to the right of
the curve for r = 10, ¢ = 1/10,

118. The case fer ¢ = 1/2 is complicated by the fact that five inde-
pandent observations of filler outputs may Le made in 10 seconds. This has
been accounted for in two different ways. In Figure 26 the so called "simple
trigger® criterion has been used, which means that the bias has been chosen so

that if it is efgggdod once in 10 seconds a signal is considered to be present,

i
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In Figures 41 and 42 the "majority report® criterion has been used; which
means that three or more of the five observation must exceed the bias for
a signal to berjudged present. It is seen that the 1/2-cps system p rforms
- about 1 db better on the majority-report basis than on the sinple-=trigger
basis. The difference between the 1/10-cps system and 1/2-cps system for
r = 0is about 2 db and for r = 10 cps is 1 db, This is not a great deal
when it is considered that the 1/10-cps system requires five times as many
filters as the 1/2-cps system when the frequency is not known. Even if
analysis is done by frequency multiplication and a single filter it 1s
more difficuit to provide for 1/10=cps resolution than 1/2-cps resolution,

2. Listening Tests - Detection of Tones in Noise When the Signal Frequency is
Unknown »

119, 1In Figure 2% & comparison is made between the performance of
the ear and that of an ideai detection system in the detection of tones of
unknown frequency in -noise., In order to determine the aural transition curve
for tones of uncertain frequency, listening tests were run at these Labora-
tories. {Figure 28)

120. In most respects; the conduct of these tests followed the pro-
cedure described in Part I, Section C-1-d=(1) of tHis report. However, one
new factor was introduced here., After each judgment the frequency of the
signal was changed (within an uncertainty of 1200 cps). As in previous tests,
three transmwissions were made at each of six signal levels, In each of these
three transmissions a different signal frequency was used; chosen from one of
three bands (200-600, 650-1000, and 1050-14CO cps). These bands were chosen

80 that the critical bandwidth was approximately constant in each.
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121. The transition curves were considered for each frequency group
separately. In Pigure 28, the results for the 650~ to 1000-cps range are
shown, Tests were also run at a fixed frequency of 900 cps in order to de-
termine the threshold anift when the signal frequency is not imown in advance.
Zero db S/N on the abscissa represents equal signal-~to-noise in a critical
band at 900 cps.

3. Detection of a Tone in Noise by N Observations of a Single Filter
rcps Wide

122, The calculations and the agssumtions made in finding the lower

set of curves in Pigure 30 are discussed in this section. In order that the
curves given by Rice and Bennett (Ref. 10) for the envelopes of a sine wave
added to noise may be used it is necessary th$£ ;;é bandwidth of the noise

be anall compared to the center freguency of the band, and ¢hat the frequency
of the tone be in the center of the roise baﬁd. :Ehe first condition may be
satisfied by considering the band of interest to be heterodyned to a high
frequency. The second condition is not satisfied in this problem becauss the
frequency of the tone is assumed to fall anywhere in the noise band with equal
probability., This discrepancy has been ignored, the assuwmption being made
that the effect is small compared to the difference between the ‘wo systems
being compared.

123, With these assumptions the problem reduces to the computation of
the probability of cmissive error for a given probability of commissive error.
Decision as to the preserce or absence of a signal is made on the basis of a
ma jority of the observations of the envelope of the output of the singie filter,

12h. Let:
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P) = provability of teirng right on cne observation
* wher: signal 1s present

o " probability of being wrong on one observation
when signal is present

R+ probability »f teing right on N observations -
& takding majority report - when signal is present

Pos Qs Re» are defired as P,; Qos Rgs for the case of
signal not being present,

125. In the sequel; equations scntaining the above defined symbols
are written without subscripts. These equations are correct if for (P,Q,R,)
one substitutes either the set (Pc, Qus Rys) or the seh (Po, Qys Rgs)e Thus
the equsatic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>